Patent ductus arteriosus in extremely premature babies is associated with major neonatal morbidities, such as necrotizing enterocolitis and intraventricular hemorrhage. This may be attributable, at least in part, to systemic hypoperfusion secondary to ductal steal. A hemodynamically significant ductus arteriosus (HSDA) is known to be associated with altered systemic blood flow and end-organ hypoperfusion. Although descending aorta blood flow profiles may show abnormal diastolic retrograde flow, Doppler studies of blood flow in the systemic arteries may help improve our understanding of the relationship of a HSDA with these morbidities. In this article, we discuss aspects of diastolic blood flow reversal in the systemic arteries in premature infants with a hemodynamically significant duct. Whether these hemodynamic effects are significant enough to form the basis for initiating treatment is still unclear; these should form the basis for prospective studies.
Introduction
The presence of a hemodynamically significant ductus arteriosus (HSDA) is observed in B40% infants born with <1000 g birth weight 1 and has been considered as a risk factor for the development of necrotizing enterocolitis (NEC) and renal failure. 2 A HSDA has been previously defined by a transductal diameter >1.5 mm with echocardiographic findings of a significant transductal shunt (for example, left atria:aorta ratio >1.4, unrestrictive transductal flow on pulse-wave Doppler with velocity <1.5 m per s). 3 This may be accompanied by clinical features of pulmonary overcirculation (for example, increased oxygen or ventilation requirements) and/or systemic hypoperfusion (for example, hypotension and metabolic acidosis). The lack of consensus regarding therapeutic intervention, related in part to inadequately designed clinical trials, has led to medical uncertainty. The common practice is to intervene and assess outcome based on ductal size and the clinical consequences of excessive pulmonary blood flow (for example, increased ventilatory requirements and chronic lung disease). This may relate to the lack of a more comprehensive hemodynamic evaluation (for example, cardiac output, arterial Doppler), which serves as an indirect evaluation of the magnitude of transductal flow. The concept of 'ductal steal' is defined by an absence or retrograde flow in the major arteries (such as the renal and mesenteric arteries) during diastole. It could potentially be an important contributor to neonatal morbidity as it is a surrogate of a generalized systemic hypoperfusion state, as it compromises renal and/or gastrointestinal diastolic blood flow. 4, 5 In this paper, we discuss the nature and relevance of ductal steal and compromised systemic blood flow in neonates with a HSDA. There are no conflicts of interest or disclosures.
Physiology of ductal steal
The phenomenon of ductal steal in premature infants with a patent ductus arteriosus (PDA) was first described by Cassell 6 more than 30 years ago. He demonstrated that at the time of duct ligation surgery, regurgitant flow from the descending aorta during diastole accounted for a considerable amount of the total left-toright shunt. This was estimated by comparing the ascending aortic flow before and after duct ligation. It is well recognized that blood flow profiles in the descending aorta show abnormal diastolic retrograde flow in infants with PDA. Meyers et al. 7 showed that a PDA produced a significant decrease in intestinal blood flow. McCurnin and Clyman 8 recently showed that in preterm baboons, a moderate-sized ductus arteriosus shunt limits the ability to increase postprandial mesenteric blood flow velocity. It was speculated that this may lead to compromised bowel perfusion in the face of increased intestinal metabolic demands, therein contributing to feeding difficulties. The adequacy of blood flow in the systemic arteries has also been assessed in other clinical situations. The most well-recognized example relates to the absence/reversal of diastolic flows in fetal umbilical arteries in the setting of placental dysfunction. Although elevated umbilical artery resistance has been suspected to be a marker of deteriorating placental health, recent Doppler evaluation of fetal cerebral and venous circulations has amplified this understanding. [9] [10] [11] The decision to deliver a preterm, intrauterine growth-restricted fetus is a subject of ongoing controversy and debate, wherein the risk of intrauterine compromise needs to be balanced against potential risks of premature delivery. Baschat et al. 10 recently showed umbilical artery flow reversal to be a significant predictor of perinatal mortality, bronchopulmonary dysplasia, intraventricular hemorrhage and NEC. 10 Its impact on growth and developmental delay 12, 13 and deterioration in acid-base balance is also documented. 14, 15 Comparable findings of flow alteration exist in adults with the subclavian steal syndrome or patients with the Blalock-Taussig shunt in which the steal phenomenon contributes to changes in cardiovascular physiology, blood flow and patient well-being. 16 In particular, both may lead to siphoning off of cerebral blood flow (CBF). Adults with the subclavian steal syndrome are often asymptomatic because of autoregulation of CBF and a generous collateral circulation at the circle of Willis; however, with arm exercise, siphoning of blood may lead to symptoms of cerebral ischemia. 17 In summary, there is evidence from various settings that abnormal diastolic blood flow can significantly affect end-organ performance.
Relationship of a HSDA with diastolic ductal steal Previously, we emphasized the need to consider a range of clinical and echocardiographic markers, when determining the magnitude of HSDA. 12 Our group has recently proposed a 'PDA-staging' system which recognizes the HSDA as a physiological continuum with heterogeneity of clinical and echocardiography significance. 18 The PDA-staging system classifies ductal illness severity according to incremental clinical and echocardiography characteristics, which are direct consequences of pulmonary overcirculation and/or systemic hypoperfusion. In the echocardiography component (stages I to IV) of the staging system, decreased or absent end-diastolic flow in the systemic arteries (such as the celiac or middle cerebral artery) is staged as E3, whereas reversal of flow signifies greater magnitude of shunt and steal and is classified as E4. End-organ resistance, pressure and flow could each have a contributory role in determining the persistence, absence or reversal of flow and alteration in Doppler pattern (absence or reversal). A HSDA has previously been associated with lower blood flow volumes in the abdominal aorta and lower mean blood flow velocities in the celiac, superior mesenteric, renal and cerebral arteries, despite increased left ventricular output. 19, 20 Retrograde diastolic flow often accompanies a large HSDA, and may explain the known association between PDA and NEC, renal dysfunction, intraventricular hemorrhage, pulmonary hemorrhage and increased ventilator dependence. Evans and Iyer. 21 showed that irrespective of gestational age, postductal aortic blood flow was always normal when the transductal diameter was p1.5 mm, and always abnormal when >2.1 mm. Invasive studies using catheter pressure recordings and biplane cineangiocardiograms have previously documented that the left-to-right transductal blood flow originates from the descending aorta, predominantly during ventricular diastole, and results in a marked reduction of net flow in the descending aorta. 6, 22 Rudolph et al. 23 showed that in dogs, 70% of the flow through the shunt occurred during diastole when there was no flow in the ascending aorta and all the flow came from the descending aorta. The remainder of the flow during systole came from the ascending aorta. The effects of a HSDA are not restricted to the arteries originating from the descending aorta beyond the insertion of the ductus arteriosus. Lipman et al. 24 studied the cerebral hemodynamics in preterm infants with PDA. Despite the anterior cerebral artery (ACA) being a 'pre-ductal' vessel, diminished diastolic flow was observed in all eight infants studied, which normalized after ductal closure. This apparent siphoning of CBF could be explained, in part, by the low transductal vascular resistance. In addition, preterm infants may have impaired autoregulation of CBF which might also contribute to cerebral ischemia. After ductal closure, the cerebral circulation may then be exposed to a surge in diastolic blood flow and pressure, thus increasing the risk of intraventricular hemorrhage. Not all infants with left-to-right transductal shunting exhibit these patterns of abnormal ACA flow. The identification of infants with abnormal cerebral perfusion is not possible clinically. Therefore, noninvasive Doppler assessment of CBF patterns can help define the mechanism by which a symptomatic ductus arteriosus may alter CBF.
The volume of blood flow in the descending aorta has been previously considered as a marker of lower body perfusion. 25 In a study of preterm infants of <31 weeks gestation, Groves et al. observed that when the ductal diameter was >1.7 mm, descending aorta diastolic reversal was associated with a 35% decrease in descending aorta flow volume. They observed that preterm infants with a presumed high-volume ductal shunt may have preserved upper body perfusion but reduced lower body perfusion. Preservation of systemic perfusion in the presence of ductal shunting depends on the ability of the left ventricle to increase its stroke volume by an equivalent volume to that being shunted across the ductus. In the presence of impaired left ventricular contractility and poor cardiac output, ductal steal may lead to decreased systemic perfusion. Infants with symptomatic PDA may sometimes be managed conservatively with fluid restriction. Although its salutary effects on pulmonary congestion/edema and any improvements in ventilatory status remain unproven, it could potentially further reduce the descending aorta blood flow volume, which is already reduced as elucidated earlier. 25, 26 The magnitude of transductal flow and ductal steal relates to the size of the duct, left-sided filling pressures and the pressure differential across the length of the duct (systemic-pulmonary vascular resistance). Therefore, oxygen saturation, arterial pH and carbon dioxide levels, positive end expiratory pressures and other common neonatal treatments (such as oxygen therapy, surfactant administration and vasopressors) may modulate the amount of flow across the duct, leading to dramatic effects on neonatal cardiovascular hemodynamics. In a study of preterm infants treated with delivery room surfactant, we observed major changes in ductal, pulmonary and systemic blood flow after surfactant replacement therapy. 27 The ductus arteriosus acts as a low-vascular-resistance circuit, not too dissimilar from the placenta in fetal life. As the shunt in these infants is from the systemic circulation to the pulmonary, the left ventricle contracts against a low vascular resistance. This leads to the commonly observed clinical sign of wide pulse pressure and low diastolic pressure. A low left ventricle-exposed vascular resistance coupled with left heart volume overload manifests itself as elevated left ventricular output. Low diastolic pressure also has important implications for coronary perfusion, which occurs predominantly in this phase of cardiac cycle. Our group recently demonstrated lower coronary artery perfusion in extremely low-birth-weight babies with a HSDA, which increased after PDA ligation. In addition, low baseline coronary blood flow was associated with impaired postoperative myocardial performance. 28 Diagnosis and evaluation of diastolic ductal steal It is not possible to directly quantify the magnitude of the transductal shunt. Echocardiography markers such as cardiac output, alterations in pulmonary to systemic blood flow (Qp:Qs) ratio, flow reversal in the aorta and other systemic arteries are indirect but reproducible markers of ductal steal. Some of these measurements may be confounded by the presence of any other left-to-right shunt, such as an atrial septal defect. In a previous study, Serwer et al. 29 quantified the magnitude of the left-to-right shunt in 13 patients using continuous wave Doppler ultrasonography and compared it with first-pass radionuclide angiography. The Doppler sample volume was positioned in the descending aorta well distal to the origin on the duct and the retrograde flow portion of the velocity time integral curve and the forward flow portion were planimetered. These areas were then expressed as a retrograde to forward flow ratio (R/F). Quantitative assessment showed that patients with a large Qp:Qs ratio on radionuclide angiography had aortic Doppler studies with a large R/F ratio. Postoperative Doppler studies showed a marked decline in the R/F ratio. Increased left ventricular output is an additional surrogate marker of altered systemic blood flow, in the absence of any other intracardiac/extracardiac left-to-right shunting, reflecting the compensatory response of the left ventricle to an increase in preload. Superior vena cava flow is considered as a surrogate marker of systemic perfusion, and has been shown to correlate with increased risk of late intraventricular hemorrhage at low flow states (p40 ml kg À1 per min). 30 Large left-to-right ductal shunts are also associated with decreased superior vena cava flows and increased left ventricular output:superior vena cava flow ratio. 31 End-organ Doppler evaluation of the systemic arteries such as superior mesenteric, renal and cerebral arteries is reflective of end-organ perfusion and could be a useful marker of ductal steal. In determining hemodynamic significance, blood flow patterns can be characterized by pulse-wave Doppler in the systemic arteries. Four systemic arteries are commonly investigated. These include the postductal descending aorta, superior mesenteric artery (SMA), ACA and renal artery. Table 1 describes the methodology required for the assessment of Doppler waveforms in these systemic arteries. Figures 1 and 2 depict spectral Doppler blood flow patterns in the systemic arteries of infants with a HSDA, in comparison with the restoration of normal patterns in the same arteries. Figure 1 shows the reversal of diastolic flow in the descending aorta (Figure 1a) , signifying blood traversing the descending aorta through the duct. This is in contrast with the normal Doppler flow pattern seen in the descending aorta after closure of the ductus arteriosus. The SMA is the second major branch of the abdominal aorta, originating from the ventral wall of the aorta just below the celiac trunk. It delivers the bulk of the blood supply to the intestines, and change in blood flow of this vessel has been considered indicative of changes in bowel perfusion.
12 Figure 1 demonstrates the reversal (Figure 1c ) and restoration (Figure 1d ) of diastolic blood flow in this artery. Figure 2 demonstrates similar abnormal Doppler flow patterns in the anterior cerebral and renal arteries, respectively.
Clinical relevance of ductal steal
Although HSDA has been shown to be associated with important neonatal morbidities such as adverse neurodevelopmental outcome, bronchopulmonary dysplasia and NEC, 32-36 causality has not been ascribed. The absence or reversal of flow in the cerebral vessels in infants with PDA has been reported previously. 24 The relationship between a HSDA, absence/reversal of flow in the cerebral arteries and the risk of adverse long-term neurological sequelae has not been investigated. Kabra et al. 37 have recently highlighted an association between PDA ligation and an increased risk of bronchopulmonary dysplasia, severe retinopathy of prematurity and neurosensory impairment. It is impossible to determine whether this relationship reflects causality or whether the need for PDA ligation is merely a marker for illness severity. Similarly, both the absence and the reversal of renal arterial flow in infants with a HSDA have been demonstrated. 5, 38 Although clinical evidence of renal dysfunction/failure is apparent in these patients, 2 causality has not been ascribed, even though normalization of renal arterial Doppler after ductal closure is temporally associated with clinical improvement. PDA is usually characterized by low diastolic blood pressure and diastolic run off through the ductus toward the lower pulmonary vascular resistance circuit. The clinical consequence is widening of the pulse pressure and the consequent decline in mean arterial pressure, except in extremely low-birth-weight infants in whom both systolic and diastolic arterial pressure levels decrease because of the inability of the immature myocardium to increase its stroke volume. The consequences of low diastolic pressures and ductal steal include regional hypoperfusion to major systemic vessels (such as the cerebral, and splanchnic and renal arteries). Although decreased splanchnic flow is a common finding 38 and may provide a plausible reason for the higher incidence of NEC in infants with a HSDA, this has not been scientifically proven. In addition to describing the nature of the diastolic flow pattern, quantification of the magnitude of the disturbance that is duct attributable is important. We recently described a PDA-staging system which includes a series of different echocardiographic criteria, including postductal descending aorta flow. 39 The Doppler pattern is characterized according to the relative proportions of forward and reverse flow. For example, 30 to 50% diastolic blood reversal would be classified as moderate and >50% as large. The greater the retrograde component, measured as a trace of area under the curve (velocity time integral), the greater is the magnitude of the left-to-right shunt and therefore ductal steal. Although no staging system for other systemic arteries is in place, Crispi et al., 40 studying umbilical arteries, classified flow pattern as stages I (present), II (absent) or III (reversed) end-diastolic flow and showed that cardiac dysfunction deteriorates further with the progression of fetal compromise. It is important o appreciate that in cases in which diastolic flow turbulence exceeds that seen in systole, the amount of end-organ flow reversal could be exaggerated. We did not measure maximal/mean velocities as the focus was on flow patterns (absence/reversal) in diastole. Table 1 summarizes the clinical presentation of four preterm infants with clinical and echocardiography signs of a HSDA, which was associated with ductal steal on echocardiography. The indication to initiate treatment in each case was different: pulmonary hemorrhage in the first, abdominal distension in the presence of abnormal SMA diastolic flow in the second, low cardiac output state in the third and escalating ventilation and elevated Ductal steal and PDA A Sehgal et al serum creatine accompanied by abnormal renal artery diastolic flow in the fourth. Resolution of the nonpulmonary symptoms in the latter three cases was temporally related to duct closure and restoration of diastolic blood flow. The usual clinical practice is for treatment decisions to be primarily based on respiratory compromise; therefore, it is not surprising that clinical trials investigating the efficacy of ductal closure, address respiratory outcomes (such as chronic lung disease). The systemic effects of a higher-order-ofmagnitude transductal shunt such as low cardiac output state or absent/reversed diastolic blood flow are not routinely considered as part of the decision-making process. As highlighted earlier, compromised end-organ diastolic blood flow is a major determinant of outcome for the fetus with intrauterine growth restriction and influences delivery choices with impact on neonatal morbidity and mortality. The clinical relevance of compromised end-organ diastolic flow is less well understood after birth. A subset of infants with persistent patency of a hemodynamically significant duct might develop congestive cardiac failure, pulmonary edema and respiratory failure due to underlying pulmonary overcirculation and/or signs of organ ischemia associated with ductal steal. 41 
Ductal steal and nonsteroidal anti-inflammatory agents
The relationship between HSDA, treatment with prostaglandin inhibitors such as indomethacin and morbidities related to ductal steal in preterm infants is complex. The decision to administer indomethacin should be carefully considered in terms of riskbenefit ratio, given its potential adverse effects on cerebral 42, 43 and/or mesenteric blood flow. 44 As renal perfusion, glomerular filtration rate and diuresis in early neonatal life strongly depend on the vasodilator effects of prostaglandins on the afferent glomerular arterioles, indomethacin and ibuprofen, as other cyclo-oxygenase inhibitors may not be exempt from some renal undesirable effects. In a study on infants of <30 weeks gestation, a significant decrease in glomerular filtration rate was noted on days 2 and 7 after administration of indomethacin. 45 Some previous studies have shown a decline in peak systolic and mean velocities in SMA after its administration. 45, 46 On the other hand, the theoretical benefit of therapeutic intervention relates to enhanced intestinal perfusion by minimizing transductal flow, therein reducing ductal steal.
In a large population-based observational study, the occurrence of NEC was independently associated with the presence of PDA (odds ratio, 1.85) but the odds were reduced in those who received indomethacin therapy (odds ratio, 1.53). 36 Dollberg et al. speculated that any potential vasoconstricting effect of indomethacin on distal mesenteric vessels could be offset by improved mesenteric blood flow upon closure of the PDA. It is unclear whether this could be misconstrued to imply that indomethacin has gut-protective effects. The important observation of absent/reversed Dopplers has been their restoration after therapy. Lipman et al. demonstrated the reversal of flow in ACA in eight preterm infants. In all eight infants, restoration was noted after ductal closure. 24 Our group has demonstrated restoration of absent/ reversed SMA flows after surgical duct ligation. In the series of cases presented in this article, the change in post aortic diastolic flow, SMA and ACA diastolic blood flow was seen after the administration of indomethacin, whereas renal artery diastolic blood flow showed normalization after surgical duct ligation. As noted in case 2, the infant had developed abdominal distension and sluggish bowel sounds with gaseous distension of bowel loops on abdominal film, but no features confirming of NEC. Normalization of SMA diastolic flow upon closure of the ductus arteriosus coincided with resolution of abdominal symptoms and tolerance of feeds. The compromise to end-organ flow resolved within 1 h of indomethacin (0.1 mg kg À1 ) administration (Figures 1, 2 ). This was accompanied by ductal constriction and subsequent closure. Cases 1 to 3 were enrolled in an ongoing study, the protocol for which included echocardiographic assessments before, within 10 min of completion and then 1 h after the end of indomethacin administration. The Unit policy is to administer the medication over 1 h. The final echocardiogram (for clinical purposes) was performed at the end of the 6-day course. The restoration of flow was persistent. For the purpose of this paper, we focused more on the restoration of absent and/or reversed systemic artery diastolic blood flow. Although absent end-diastolic flow in major systemic arteries is a well-recognized finding in neonates with a HSDA, its resolution after indomethacin has not been reported. All views were performed on all infants.
Implications for practice and future research In summary, although a PDA is a common neonatal problem and strongly associated with major neonatal morbidity, neonatologists remain uncertain regarding the optimal approach to therapeutic intervention. An improved understanding of the contribution of ductal steal to neonatal morbidity would significantly enhance our understanding of the disease and facilitate more focused management. Clinical trials to date, although pragmatic, are limited in that they have not considered the severity of ductal disease or its impact on systemic circulation. Future studies of therapeutic intervention should consider the heterogeneity of ductal disease, based on a more comprehensive evaluation of pulmonary and systemic hemodynamics. These studies may facilitate the identification of those patients most likely to benefit from intervention.
